INTRODUCTION
Hydrogen peroxide (H2O2) is a green chemical oxidant that, for its potential impact on our society has been also listed as one of the most important chemical compounds 1 . Over 95% of the current global supply is produced using an indirect process involving sequential hydrogenation and oxidation of anthraquinones 2 . The anthraquinone process, despite being able to produce large quantities at high concentration is not considered green as regeneration of the solution and impurity separation is required and 2) the obtained H2O2 is concentrated up to 70 wt% to reduce transportation costs 3 . This is feasible for applications in large industrial processes such as the pulp paper industry and bulk synthesis of organic compounds (i.e. propylene oxide), on the other hand it is inefficient for other smaller scale applications such as water-cleaning and disinfection for which typical concentration requirements are in the range of 2-8% 3, 4 . Therefore, new approaches and catalysts to produce H2O2 on-site on a small scale need to be developed 5 . The idea of small scale production through heterogeneous catalysis dates back to 1939 as a first patent on production of H2O2 with Pd 2 opened the way to the field of direct synthesis in a catalytic reactor using (2 and O2 [4] [5] [6] [7] . Nevertheless, safety issues related to the explosive region of H2 and O2 (5-95 vol%) limit practical uses 8 . The electrocatalytic production of H2O2 in a fuel cell [9] [10] [11] [12] [13] [14] does not suffer from explosive gas environments as the two gases are provided separately to the cathode and anode and in addition, electrons can be collected through an external circuit. Several metals interacting weakly with O2 (as Au, Hg, Ag) were shown to be able to reduce O2 selectively to H2O2 15, 16 . Nevertheless, the rate is often low and high overpotentials (from the equilibrium of 0.69 V) are necessary. On the other hand, metals that interact strongly with oxygen (i.e. Pt, Pd) directly reduce O2 to H2O in a 4 electron process [17] [18] [19] [20] and they only produce hydrogen peroxide if the surface is poisoned or covered with hydrogen 19 . Combining weakly and strongly interacting metals in homogeneous bimetallic catalysts can both improve the selectivity and maintain a high activity for the oxygen reduction reaction (ORR) to H2O2, as it was shown for Au-Pd [21] [22] [23] and Hg-Pt/Hg-Pd [24] [25] [26] . Furthermore the dispersion of the active metal (i.e. Pd) in a matrix of inactive metal (i.e. Au) was suggested in some studies to increase the overall selectivity 21 , even though other works disagree 23 .
Despite the promising introduction of such bimetallic electrocatalysts, their long-term stability needs to be considered 27 . Indeed, if they are to be used in a PEMFC they have to demonstrate enough stability to survive the harsh operational condition, especially during start-stop when the potential can reach 1.5 VRHE 28 . Under operation, severe changes in surface composition due to metal migration 29 , surface segregation 22 , dissolution and dealloying [30] [31] [32] [33] [34] can dramatically affect the performance of such catalysts, significantly undermining the feasibility of the approach.
In this context, we present here a study on the stability of bimetallic Au-Pd catalysts. In this novel approach, we want to correlate the dissolution under various ADPs to the changes in the nanoparticle metal spatial distribution (both surface and bulk . Finally, the impact of such degradation on the ORR to H2O2 is also evaluated. The catalysts are characterized using various techniques such as inductively coupled plasma mass spectrometry (ICPMS), identical location transmission electron microscope (IL-TEM), high-resolution STEM-EDS and standard electrochemical techniques.
2 EXPERIMENTAL SECTION 2.1 NANOPARTICLES SYNTHESIS AND CHARACTERIZATION
The supported Au, AuPd and Pd nanoparticles were synthesized following a method described previously, consisting of a colloidal method 23 followed by nanoparticle immobilization onto XC72R Vulcan carbon (to yield a 10wt% metal loading). Once ready, the solution was filtered and the catalyst washed thoroughly (2 L H2O); the dry catalyst powder is obtained after drying (16 h 120 °C).
The catalyst powder was used to prepare ink suspensions in 8 MΩ·cm ultrapure water, UPW, from PureLab Plus system ready to be printed onto the electrode. The theoretical molar ratio was confirmed by ICPMS for the as-prepared AuPd/C after dissolving the catalyst in boiling aqua regia (4 ml solution, from Merck, Suprapur). The same method was used to determine the remaining Pd content after degradation.
ELECTROCHEMICAL CHARACTERIZATION
All electrochemical measurements were performed using gas (Ar for the initial background and dissolution CVs or O2 for the ORR) purged 0.1 M HClO4 as supporting electrolyte. This was prepared from concentrated HClO4 (Suprapur®, Merck) and UPW. Gamry Reference 600 potentiostats were used and controlled with the Gamry V6 Software or with a home-developed software based on Lab-View environment. A carbon rod was used as a counter electrode (CE), while the reference electrode (RE) was a commercial Ag/AgCl electrode (Metrohm). The potential shown in this work are all referred to the reversible hydrogen electrode (RHE) and the experiments are performed at room temperature.
The Ar background and the ORR curves are obtained via thin-film technique on a rotating ring-disc electrode (RRDE, commercial tip from Pine Instrument). 20 µL of ink were deposited on the glassy carbon disc (GC) obtaining a homogeneous film with a loading of μgmetal cm − (disc area 0.196 cm 2 ). The material of the collector ring was Pt and the ring potential (Er) was set at 1.0 V (1.28 VRHE). At this potential, diffusion limited conditions for peroxide reduction and oxidation reaction (PROR) are reached. The collection efficiency (N) calculated from a simple 1 e -reaction (hexacyanoferrate(III) reduction) was 0.21. A commercial MSR Rotator System with a Motor Controller (Pine Instrument Company) was used to rotate the electrode during the ORR reaction at a speed of 900 rpm if not else mentioned. The measurements were carried out in a three-compartment, three electrode Teflon cell 23 where the RE was hosted in a Tschurl modification (to separate it from the main compartment with a Nafion membrane) in order to avoid chloride contamination. The disc and ring currents (Id and Ir) were measured (scan rate 0.05 V s -1 ) after 1-10-50-100-1000 degradation CVs under different accelerated degradation protocols (ADPs Palladium and gold dissolution of the Au/C, AuPd/C and Pd/C catalyst was studied with the scanning flow cell (SFC), whose aperture is of 0.01 cm 2 . Approximately 2 ng of metal (20 ng with support) were printed onto GC electrodes using a drop-on-demand printer (Nano-PlotterTM 2.0, GeSim). The SFC was coupled with an on-line ICPMS (NexION 300X, Perkin Elmer) where the dissolved 197 Au and 106 Pd are analyzed and compared to internal standards for quantitative evaluation, as described in previous works 35 . The dissolution was measured during initial 900 s of the three ADPs (in this case with a 0.2 V s -1 scan rate).
2.3 TEM CHARACTERIZATION The prepared catalyst ink was dispersed onto a lacey carbon film supported by a gold coated TEM finder grid. The prepared grid was used to perform identical location TEM (IL-TEM) 35 . Before and after ADP the particle size distribution in the same identical location was examined by scanning transmission electron microscopy (STEM) with a JEOL 2200FS TEM operating at 200 kV. The chemical composition and the elemental mapping investigation of single nanoparticles after ADPs were performed by energy dispersive spectroscopy (EDS). The Bruker Super-X windowless 4 quadrant silicon drift detector with a solid angle > 0.7 srad fitted in the Cs probe corrected FEI Titan Themis S/TEM operated at 300kV were used. The EDS measurements were performed in the STEM mode with the probe size of about Å. A probe current of 70 pA for imaging and 0.5 pA for EDS, probe semi-convergence angle of 23.8 mrad, as well as inner-and outer semi-collection angle of the high angle annular dark-field (HAADF) detector of 73-352 mrad were used for imaging and STEM-EDS measurements.
3 RESULTS AND DISCUSSION The AuPd/C employed in this study, as well as the reference Au/C and Pd/C, are synthesized through a sol-immobilization method and have a nominal metal loading of 10wt%. In our previous publication, we characterized the dissolution behavior of AuPd particles immobilized directly onto an electrode as a model system 30, 31 . In particular, we showed that the difference in Pd and Au dissolution onset potentials (ca. 0.8 and 1.3 VRHE respectively) between the alloyed AuPd nanoparticles and the pure Au and Pd counterparts is negligible. This is in contrast with other works reporting a stabilization effect (thus higher onset potential of dissolution) once small percentages of Au are present in the alloy 36 . In this study, we focus on the long-term electrochemical stability of AuPd/C as well as its structural changes and how these influence H2O2 production. Three different ADPs are considered (see experimental): ADP-0.8, ADP-1.2 and ADP-1.6. The latter is stopped after a lower amount of degradation cycles as the structure and electrochemical behavior was observed to change drastically under such harsh potential condition. Figure 1a reports the online potential dissolution profiles of Pd and Au measured by means of SFC-ICPMS during the first 800 s of the respective ADPs on the AuPd/C catalyst. As expected from the relative onset potentials, Pd dissolution occurs during the ADP-1.2, while Au dissolution is visible only under ADP-1.6. Interestingly, the Pd dissolution profiles after ca. 800 s of ADP-1.2 approaches the background signal, while the signal for ADP-1.6 is still high, as Au is also dissolving exposing fresh Pd on the surface of the nanoparticles. Evidence of the surface change induced by dissolution is supported by the CVs recorded in Ar saturated electrolytes (Figure 1b) . Indeed, once the upper potential limit (UPL) is sufficiently high (above Au oxide formation 30 , ca. 1.5 VRHE) two distinct peaks are observable on the reverse scan: Pd oxide and Au oxide reduction. Note that for pure Pd/C and Au/C the peaks are at 0.55 VRHE (Pd-O reduction) and 1.15 VRHE (Au-O reduction) respectively, whereas for alloyed AuPd/C the reduction peak positions and relative charges (Table 1 ) of these two peaks are associated with the surface alloy composition 21, 23, [37] [38] [39] [40] . In particular, the Pd-O reduction peak position in alloyed AuPd catalyst was shown to be shifted by ∿200-300 mV to higher potentials 23, 37 , as a new phase is formed once Pd is alloyed with Au 39 .For example, when the UPL is kept lower than the Pd dissolution onset potential, i.e. under ADP-0.8, the shape of the CV is maintained even after 1000 degradation cycles. Nevertheless, the charge associated to Pd reduction peak appears to be slightly larger after degradation ADP-0.8 (Figure S1 ). As no significant dissolution is occurring during such ADP, the difference can be tentatively attributed to a dynamic change in the nanoparticle structure during potential cycling. Indeed, DFT and experimental studies suggest catalyst surface rearrangement or breathing , i.e. Pd surface segregation with absorbed H2 41,42 , O2 22 or CO [43] [44] [45] in addition to Au migration towards the surface during catalytic 46 and electrocatalytic 29 measurements. As the potential exceeds the Pd dissolution, the charge associated with the Pd reduction is decreasing during CVs under both ADP-1.2 and ADP-1.6 ( Figure S2 ,S3). After only 100 CV under ADP-1.6 the reduction peak fully disappears, whereas after 1000 CV under ADP-1.2 still the reduction peak is observed (see CV in Figure 1b) . This suggests that Pd is still present on the surface despite 1000 CV cycles at ADP-1.2.
Au AND Pd DISSOLUTION AND EVOLUTION OF SURFACE COMPOSITION
Nevertheless, it needs to be considered that this reduction peak was suggested to be associated to a new surface phase of alloyed Au and Pd 39 . With this consideration, Pd could still be present under a surface consisting of mainly Au and in this case the observed reduction peak might be attributed to surface Au alloyed with underlying Pd. However, we would exclude this as such feature is not observed in coreshell configuration (with a Au-shell) 39 . We suggest here that there is some dispersed Pd on the surface which is not further dissolving thanks to the presence of Au that might stabilize it, as elsewhere suggested for Pt 36 . As expected during Pd leaching, the surface concentration of Au increases 29, 39, 47 as observed from the associated reduction peak (Figure 1b) .
The Au reduction peak after ADP-1.6 is lower than after ADP-1.2 as Au is dissolving under ADP-1.6 (see also the Au reduction peak evolution under ADP-1.6 in Figure S3 ). For a more detailed investigation on Au-Pd catalyst surface changes (and the relative changes in CVs) we invite the reader to refer to the work of Lukaszewski et al. 39 . In their study, the influence of the electrochemical protocol, of the initial alloy composition as well of hydrogen absorption or oxygen electrochemisorption is discussed.
EVOLUTION OF CATALYST STRUCTURE AND COMPOSITION
Electrochemistry is a powerful tool to study the macroscopic changes of the catalyst changes in the argon background CVs, as discussed in the previous section, that correlate to changes in the catalyst surface state and composition. Microstructural changes were characterized with TEM (Figure 2 and S4-S6) . The initial theoretical composition of AuPd/C is confirmed both by EDS elemental map (47 Pd mol%) and ICP-MS bulk analysis (46±1 Pd mol%), while STEM-EDS mapping indicates homogeneous Pd and Au distribution within the nanoparticles (Figure 2a) . Identical location TEM (IL-TEM) is able to compare the same catalyst area before and after degradation, thus allowing a clearer description of the catalyst degradation mechanisms on the nanoscale 35 . In this study, the change in particle size distribution as well as overall number of particle counts are recorded through IL-TEM before, after 100 CVs and after 1000 CVs of the three ADPs ( Figure S4-S6) . After ADP-0.8 ( Figure  S4 ) no major change in the particle size distribution and in the overall number of particles are observed (the small increase in mean particle size from 3.7 to 4.0 nm can be observed due to minor agglomeration). For ADP-1.2 and ADP-1.6 after 100 CVs the number of particle counts on the identical location dropped by 30-50% as a consequence of dissolution and detachment. Furthermore, the collected IL-TEM images suggest that the average particle size increases from 3.8 to 4.4 nm and from 3.5 to 4.4 nm for ADP-1.2 and ADP-1.6 respectively due to a decrease in number of particles with sizes below ∿3 nm ( Figure S5,S6 ). For such ADPs, this increase, as well as the particle rounding) can be attributed to potential induced metal dissolution/dealloying and consequent Ostwald ripening 48, 49 . Interestingly, comparing the IL-TEM micrographs after 100 CVs and 1000 CVs of ADP-1.2, the number of particle counts as well as the average size remains unchanged. In this case, clearly, the Au dissolution is excluded whereas Pd dissolution/dealloying decreases below the ICP-MS detection limit (Figure 1a) as the surface is enriched in Au. Therefore, either Au is stabilizing the remaining Pd as claimed in literature 36, 50 or a protective Au shell is preventing further dealloying as already observed in the case of Pt based alloys [51] [52] [53] . Giving the relevance of knowing the spatial distribution of the alloying elements of AuPd/C, additional high resolution STEM-EDS analysis of single nanoparticles are acquired after the ADPs (Figure 2a-b) and the overall composition is obtained with post-mortem analysis with ICPMS ( Figure 2c ). In agreement with the online ICP-MS results, upon ADP-0.8 the metal atoms are still homogeneously distributed within the catalyst and the Pd molar ratio (defined as molPd/(molPd+molAu)) is 45±1 mol%, within the error compared to the initial composition. Increasing the UPL, the Pd molar ratio (Figure 2c ) decreases after 100 CVs to 41±1 and 30±3 mol% for ADP-1.2 and ADP-1.6 respectively (a trend also confirmed by the decrease in Pd L and L of the respective EDS spectra in Figure 2b ). Upon additional 900 cycles of ADP-1.2 the measured Pd molar ratio is 39±2 mol% (average after 3 separate degradation measurements), indicating that the further dealloying is almost negligible. Clearly, under ADP-1.2 a quasi-stable configuration, for which no changes in composition and structure occurs, is obtained after few potential cycles.
The EDS line scans after ADP-1.2 ( Figure 2d ) indicate that while the core is still homogeneous (Pd and Au intensity heights are equal as expected by the initial composition), the Pd content at the surface is lower but seemingly still present. Indeed, in this case an evident formation of core-shell nanoparticles was not observed. Note however, that a precise visualization of the molar surface composition is rather challenging due to the small size of the nanoparticle, which can be susceptible to beam damage. Some monomer or small Pd clusters stabilized by the surrounding Au might be therefore still present on the surface but the surface composition is very Au rich (as also indicated by the small Pd-O reduction peak in Figure 1b) . On the other hand, the EDS line scans after ADP-1.6 (Figure 2e ) clearly establish the presence of a AuPd core (similar Pd and Au intensities) surrounded by a Au shell (0.5-1 nm thickness). When the UPL exceeds the threshold for significant Au dissolution this shell is destabilized and the dissolution of Pd from the core of the nanoparticles is initiated, causing further de-alloying as observed also for Pt based catalyst 51 .
CONSEQUENCES FOR THE TIME EVOLUTION OF H2O2 SELECTIVITY
In the previous sections, we described the surface composition and nanostructural changes due to the dissolution and catalyst degradation under the three considered ADPs. In this section, we study how these changes are actually influencing the oxygen reduction reaction (ORR) performance. In particular, we focus on the H2O2 production and selectivity measured with the RRDE techniques (Figure 3) . The measured disc current (Id), ring currents (Ir) as well as the calculated selectivity (SH2O2) are shown in Figure 3a ,b,c respectively. As a reference, also the RRDE results for Au/C and Pd/C are reported here. The estimated mean particle diameters (determined by TEM) of the as prepared catalysts are 4.5±1 nm, 3.7±1.4 nm, 4.0±0.8 nm for Au/C, AuPd/C and Pd/C respectively. Owing to the similar average particle size and a narrow distribution, the total surface area is expected to be in the same range. Nevertheless, we normalize the currents here to the geometric surface area (0.196 cm 2 ), as the real surface area of AuPd is expected to change significantly following the catalyst degradation. The pure metal catalysts (Au/C and Pd/C) provide frames between an almost pure 2-electron behavior of Au 23,54-56 and a 4-electron behavior of Pd 17, 18, 57, 58 . In our previous publication 23 the SH2O2 of both unsupported Au nanoparticles and polycrystalline Au was 95% and independent of the applied potential, whereas the SH2O2 of Vulcan supported Au/C increases from around 80-85% at 0.1 VRHE to almost 100% at higher potentials (see also a comparison in Figure S7 ). This potential dependence was observed also by Jirkovski et al. 15, 21 and it might be related to the presence of the carbon support, as they showed a selectivity decrease with layer thickness. The initial ORR behavior of the alloyed catalyst (AuPd/C) was also described earlier 23, 37, 59 . The shift in ORR onset potential and the change in H2O2 current with respect to the pure metal counterparts was attributed to a change in mechanism, as the electronic structure changes in the alloy in dependence of the spatial Au and Pd atom distribution 21 . In this case, a maximum of 40-45% in SH2O2 of the initial AuPd/C is observed at ca. 0.5 VRHE. Despite the lower SH2O2 compared to pure Au, the alloyed metal is much more active and the overpotential for the ORR to H2O2 is therefore significantly lower. Thus, it can be considered as a good candidate for the electrocatalytic on-site production for those applications for which low H2O2 concentration in H2O is required. Under ADP-0.8, no relevant changes, besides a negligible shift of the onset potential, are observed (Figure 3 and S8) , whereas significant changes occur under ADP-1.2 and ADP-1.6. In Figure 3 the last positive sweeps after degradation (1000 CVs of ADP-0.8 and ADP-1.2 and 100 CVs of ADP-1.6) are shown and intermediate positive sweeps are illustrated in the SI. When only Pd is dissolving (ADP-1.2) the onset potential is shifted by ∿200 mV after only 10 CVs ( Figure S9 ). Upon further potential cycling the ORR onset potential as well as the H2O2 current onset potential stabilize around 0.7 VRHE and the Id and Ir do not change significantly between 50 and 1000 CVs. It seems that under such conditions the initial performance degradation are followed by a stable state, which is still more active than pure Au and more selective than the initial AuPd/C (70% at the potential of maximum Ir). From this state on no further degradation is observed, unless the UPL is raised. For instance, under ADP-1.6 already after 10 CVs the onset potential is shifted by ∿300 mV ( Figure S10 ). After 100 CVs the degraded catalyst behaves very similar to Au/C (Figure 3 ), while the onset potential still remains slightly higher than pure Au. This can be attributed to the alloying effect of Pd that is still present in the core, as it was abundantly reported for dealloyed Pt-M alloys with a Pt skin 52, [60] [61] [62] [63] . The trend of the selectivity (SH2O2 in Figure 3c ) and of the ring current maxima (Ir,max in the inset of Figure 3b ) visually summarize the results obtained with the RRDE. The potential shift can be attributed to the change in surface composition described in the previous sections. The UPLdependent evolution of the AuPd alloy surface composition under the considered ADPs is schematically represented in Scheme 1, indicating the formation of a core shell depending on the applied UPL. The surface reactivity and H2O2 selectivity at the potential of maximum Ir (indicated by the percentage values) follow the surface composition evolution. The change in particle size is also reported and it is attributed to the re-deposition of dissolved metals (Ostwald ripening) as well as to particle agglomeration.
Scheme 1 Representative evolution of the surface composition and of the H2O2 selectivity (% values) during the ADPs.
CONCLUSION
In this work, we investigate the structural changes of carbon supported Au, Pd, and AuPd/C catalysts. Three different potential degradation conditions are chosen with the aim to distinguish the degradation processes that might affect performance, namely below the Pd/Au dissolution onset potentials (ADP-0.8), above the Pd but below the Au dissolution potentials (ADP-1.2), and above the Au/Pd dissolution potentials (ADP-1.6). The associated chemical and structural changes are then related to the H2O2 electrochemical production and selectivity. While under ADP-0.8 the catalyst and its electrochemical behavior are unchanged, above the Pd dissolution potential (ADP-1.2) the surface composition changes, becoming enriched in Au. In this case, Pd surface de-alloying did not result in an evident core-shell configuration. As the Au does not dissolve, further Pd dissolution is prevented and a stable state is obtained, for which no further electrochemical changes are observed. As a result, the catalyst still remains more active than pure Au/C and more selective than the initial AuPd/C. When the UPL is high enough to induce Au dissolution and redeposition (ADP-1.6) in parallel to a significant Pd dissolution, the catalyst degradation results in an alloyed core surrounded by a Au shell. Thus, the behavior approaches the one of pure Au, although the alloying effect of Pd still present in the core induces a small shift in the ORR onset potential. For the first time, this study correlates the catalyst degradation with the H2O2 selectivity using AuPd as a model catalyst. The conclusions are particularly important and can be extended to similar bimetallic catalysts (as Au-Pd, Hg-Pd, (gPt… , which are considered promising for the on-site electrocatalytic H2O2 production in fuel cells or other related electrochemical reactions. Indeed, sudden potential changes or spikes, recurring during start-stop of fuel cells, can induce significant surface composition changes within few cycles that might substantially change the electrochemical behavior. Dedicated strategies either in catalyst material design or in control of operational conditions have to be considered for an effective employment of a direct H2O2 synthesis approach. More generally, the work emphasizes the importance of fundamental long term stability investigations for complex electrochemical reactions where selectivity is a crucial performance indicator.
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